INTRODUCTION
Patients with Huntington's disease, who initially develop lesions in the striatum, 1,2 and a patient with a lesion of the left insula and striatum 3 are impaired in the perception of facial expressions of disgust. Thus these brain structures may be important for the perception of disgust. Several neuroimaging studies have demonstrated activation of the anterior insula and the ventral striatum in response to facial expressions of disgust, supporting this hypothesis. 4 The anterior insula is also involved in gustation and olfaction. 5 Thus it is unclear whether this region is concerned with all smells or whether it includes a region more specifically involved in the analysis of disgusting tastes or odors. To examine this issue we used functional magnetic resonance imaging (fMRI) to determine brain activity during the presentation of (1) disgusting, (2) pleasant, and (3) unpleasant (not disgusting) odors, each compared to fresh air.
METHODS
Two groups of eight healthy volunteers (male, right-handed, nonsmoking) each participated in two 5-min experiments during which they were exposed to disgusting (D) odors and, in addition, to either pleasant (P; group 1) or unpleasant but not disgusting (U; group 2) odors. Fresh air served as a neutral control stimulus. All participants performed normally on the UPSIT 6 and gave informed written consent. Subjects rated the stimuli used during fMRI several days before their arranged scan time to verify appropriate hedonic responses to D, P, and U stimuli. The stimuli used were banana (P), vanilla (P), AR300 (acrid rubbish) (D), SK200 (animal feces) (D), CV900 (cat urine) (U), IBQ (musty) (U) (all supplied by Caravansons, Ltd.). During fMRI the 5-min experiments each consisted of blocks of 30-s ON (odors) and 30-s OFF (fresh air). Two different odors of the same category (D, P, or U) were alternated in each ON phase to prevent habituation. Odors were delivered to a facemask at 1 L per min and extracted by vacuum pump to avoid mingling of odors in the facemask. Subjects kept their eyes closed and breathed normally.
Image Acquisition
In each of 14 near-axial planes (7 mm thick, 0.7-mm gap, in-plane resolution 3 mm) T2*-weighted MR images (TE = 40 ms, TR = 3000 ms, theta = 90 o , 100 images/slice) depicting BOLD 7 contrast were acquired over 5 min per experiment on a GE Signa 1.5T Neurovascular system. In the same session, a 43-slice, high-resolution inversion recovery echoplanar image of the whole brain was acquired in the AC-PC plane.
Image Analysis
The data were analyzed using Generic Brain Activation Mapping. 8, 9 As we wished to compare directly the intensity of activation in response to D, P, and U odors we chose several clusters of activation within the bilateral insula and ventral striatum. The power of functional response was averaged over each cluster. Statistical comparisons of intensity of activation in each cluster were made for the two experimental conditions (D vs. P and D vs. U) by matchedpairs t-tests.
RESULTS
Generic brain activation was demonstrated in the left anterior insula in response to all odors contrasted with air, but in the right anterior insula only in response to disgusting odors (FIG. 1) . In group 2, additional activation was demonstrated within the right ventral striatum in response to disgusting odors. In group 1, the comparison of a measure of the mean intensity of activation within the anterior insula and ventral striatum across conditions revealed a significant difference in response to disgusting compared with pleasant odors in the right anterior insula (x = 42, y = 20, z = -2,) at P = 0.05. No difference in activation was found in the left anterior insula (x = −31, y = FIGURE 1. Major clusters of generic brain activation in response to disgusting and pleasant (Group 1), and disgusting and unpleasant but not disgusting (Group 2) odors compared with air are demonstrated in axial and coronal brain slices. In group 1, the magnitude of functional response in a cluster within the right anterior insula (x = 42, y = 20, z = −2) was significantly greater (P = 0.05) in response to disgusting odors (cluster A) than to pleasant odors (cluster B). In group 2, the magnitude of functional response in a cluster within the right ventral striatum (x = 22, y = 10, z = -7) was significantly greater (P = 0.01) (cluster C) in response to disgusting odors than to unpleasant odors (cluster D). 
DISCUSSION
Disgust is believed to have evolved to provide protection from the risk of contamination and disease. The characteristic facial expression of disgust involves muscles necessary for the avoidance of ingestion of contaminants. 10, 11 A close link between systems specialized to react to harmful odors, whether detected directly by the individual or indirectly by way of conspecific facial expression, is likely to have aided survival. Based on the results of previous studies of neural responses to facial expressions of disgust, 4, 12 we hypothesized that the anterior insula might be activated by disgusting odors to a significantly greater extent than by pleasant or unpleasant odors. Our results are consistent with this suggestion, but involve unexpected hemispheric lateralization: we demonstrated a significant increase in right anterior insula and ventral striatal activation in response to disgusting odors. Left-sided anterior insula activation was demonstrated in response to all odors regardless of valence, reflecting the role of the insula in olfactory perception per se. 13 Our findings demonstrate a specific role of the anterior insula and ventral striatum in the response to disgusting stimuli presented in the olfactory modality. Given previous findings highlighting the importance of these regions in the response also to visual displays of disgust, we propose that the anterior insula and ventral striatum are key components in a system mediating the response to disgusting stimuli irrespective of sensory modality.
